Solid tumor growth is dependent on angiogenesis, the formation of neovasculature from existing vessels.
Introduction
Solid tumor progression is dependent on the ability of the tumor to attain nutrients and oxygen via the formation of neovasculature from existing vessels. This process, known as angiogenesis, is triggered by angioproliferative cytokines secreted by oxygen-deprived tumor cells. As a result, endothelial cells of neighboring microvessels are activated, causing endothelial proliferation, migration, degradation of surrounding basement membrane, "sprout" invasion into the tumor parenchyma, and eventual formation of tube structures (1, 2) . Tumor neovascularization fuels continued neoplastic growth, tumor cell dissemination, and eventual formation of distant metastatic colonies, which are ultimately responsible for a patient's clinical deterioration (3) .
Due to its vital importance in solid tumor growth, angiogenesis has become a subject of intense study to identify components of molecular pathways that drive neovasculature formation. Endothelial cell activation of the mitogen-activated protein kinase (MAPK) pathways is central to neovessel formation because individual branches of the MAPK pathway function in different steps of the angiogenic cascade (4, 5) . Therefore, inhibition of this pathway presents an attractive strategy for tumor-mediated angiogenesis inhibition.
Anthrax lethal toxin (LeTx), secreted from the gram-positive Bacillus anthracis, is a potent MAPK pathway inhibitor (6) . LeTx consists of the 83-kDa protective antigen (PA) and the 90-kDa lethal factor (LF). Toxin uptake into cells is dependent on proteolytic activation of PA by ubiquitously expressed furin or furin-like proteases after PA binding to one of two widely expressed receptors, capillary morphogenesis gene 2 and tumor endothelial marker 8 (7) . The activated PA subsequently heptamerizes, binds three LF molecules, and migrates into lipid rafts where subsequent internalization occurs. Progressive acidification of endosomal compartments induces PA heptamer pore formation and subsequent LF escape into the cytosol (8) . The catalytic activity of LF causes the cleavage and inactivation of the MAPK/extracellular signal-regulated kinase (ERK) kinases (MEK), with the exception of MEK5, and thus the complete inhibition of the ERK1/2, c-jun NH 2 -terminal kinase (JNK), and p38 branches of the MAPK pathway (9) .
Preclinical studies proved LeTx to be a potent inhibitor of angiogenesis in human tumor xenograft models (9) (10) (11) (12) . However, PA is quickly processed when injected into the bloodstream due to the expression of the LeTx integrin-like receptors in most tissues in the body and to the presence of various proteases able to cleave the highly basic furin-targeted sequence (13, 14) . Modification of the furin activation sequence to one preferentially cleaved by enzymes enriched on the surface of angiogenic endothelial cells could potentially circumvent nonspecific PA activation and simultaneously enhance the potency toward the intended target cells. To this end, LeTx was modified by changing the furin cleavage sequence of PA, 164 RKKR 167 , to the sequence 164 GPLGMLSQ 171 that is preferably cleaved by the gelatinase class (MMP-2/-9) of matrix metalloproteinases (MMP; ref. 15 ). Gelatinases present an attractive group of PA activating enzymes because expression of these MMPs has been shown to be up-regulated in angiogenic lesions, in addition to aiding in cancer progression in a variety of tumor types (16) . This gelatinase-activated PA, designated PA-L1, in combination with LF exhibited impressive antitumor efficacy in tumor xenografts in the absence of significant in vitro tumor cell cytotoxicity (13) . PA-L1/LF-treated xenografts exhibited extensive tumor cell necrosis and a marked absence of CD31 immunostaining (13) . Subsequent in vitro studies revealed that PA-L1/LF disrupted microvascular endothelial cell migration (13) . To expand on these initial findings, and thus better define the antiangiogenic mechanism, we have examined the effects of LF-mediated MEK cleavage and subsequent endothelial MAPK inhibition on endothelial proliferation, invasion, and tube formation. These results provide further evidence to warrant clinical application of PA-L1/LF.
Results

PA-L1/LF Induces Only Modest Cell Cycle Arrest in Microvascular Endothelial Cells
We measured the [ 3 H]thymidine incorporation to determine whether PA-L1/LF disrupts microvascular endothelial cell proliferation. Treatment with U0126, a MEK1/2 inhibitor, served as a positive control for ERK1/2 inhibition, whereas SP600125 and SB203580 were used for JNK and p38 inhibition, respectively. The wild-type PA in combination with LF was also included for a LF-mediated MAPK inhibition positive control. Each of these compounds effectively inhibited their target MAPK (data not shown, but see Fig. 2 ). U0126 and SP600125 significantly blocked proliferation by 73% and 94%, respectively. SB203580-mediated p38 inhibition actually induced proliferation in these cells (Fig. 1) . By contrast, both 10 nmol/L PA and 10 nmol/L PA-L1 in combination with 5.5 nmol/L LF for 72 hours induced a relatively modest antiproliferative effect in these cells ( Fig. 1; Supplementary Fig. S1 ). Thus, concentrations of PA-L1/LF that have been observed to induce cell cycle arrest and apoptosis in melanoma cell lines caused only a 35% reduction in endothelial proliferation (17) .
To ensure that this differential response was not due to inefficient PA-L1 receptor binding/cleavage and LF internalization, we used the LF variants FP59 and LF-β-Lac. PA-L1/FP59 was highly cytotoxic to the microvascular endothelial cells, causing a >95% decrease in proliferation (IC 50 2 pmol/L; Fig. 1 ; Supplementary Fig. S1 ). Microvascular endothelial cells treated with PA-L1/LF-β-Lac exhibited high levels of intracellular LF-β-Lac activity when compared with cells treated with LF-β-Lac alone, as indicated by the elevated levels of intracellular blue fluorescence (Supplementary Fig. S2 ). Therefore, these microvascular endothelial cells bind PA-L1 and internalize LF but have modest proliferation inhibition in response to LF-mediated MAPK inhibition.
PA-L1/LF Blocks Vascular Endothelial Growth Factor 165-Mediated Microvascular Endothelial Cell MAPK Activation
The evidence above that microvascular endothelial cells internalize LF prompted us to determine whether PA-L1/LF treatment would block endothelial ERK1/2, JNK, and p38 phosphorylation in response to vascular endothelial growth factor 165 (VEGF 165 ). Treatment with VEGF 165 for 45 minutes induced a robust phosphorylation of ERK1/2, which was significantly reduced by 10 nmol/L PA or 10 nmol/L PA-L1 combined with 5.5 nmol/L LF to levels comparable to that of 10 μmol/L U0126-treated cells ( Fig. 2A) . Densitometric analysis determined an 8-fold decrease in ERK1 phosphorylation and a 25-fold decrease in ERK2 phosphorylation in PA-L1/LFtreated cells (Fig. 2B ). Similarly, exposure to 100 ng/mL VEGF 165 for 20 minutes induced JNK1 (p46) and JNK2 (p54) phosphorylation. Endothelial cell exposure to 10 nmol/L PA + 5.5 nmol/L LF and 10 nmol/L PA-L1 + 5.5 nmol/L LF induced a complete inhibition of JNK1 and JNK2, which was comparable to the small-molecule inhibitor SP600125 ( Fig. 2C and D) . VEGF 165 -mediated activation of the p38 branch was seen 8 minutes after VEGF addition. Activation of this branch was completely blocked by 10 nmol/L PA + 5.5 nmol/L LF and 10 nmol/L PA-L1 + 5.5 nmol/L LF treatment, and the phosphorylation of this protein was below Western blot detection limits ( Fig. 2E and F) . Thus, PA-L1/LF blocks VEGF 165 -mediated ERK1/2, JNK, and p38 MAPK activation.
The Extracellular Matrix Remodeling Potential of Microvascular Endothelial Cells Is Reduced by PA-L1/ LF Treatment via the Down-Regulation of Proangiogenic MMPs
Because PA-L1/LF blocks MAPK activation in response to proangiogenic cytokines, we subsequently determined whether PA-L1/LF treatment would reduce microvascular endothelial cell invasion through 8-μm-diameter pores plugged with extracellular matrix. The invasion of these cells was significantly reduced by >90% after treatment with 10 nmol/L PA-L1 + 5.5 nmol/L LF (P < 0.0001; Fig. 3A) . Additionally, treatment with 20 μmol/L SP600125 or 20 μmol/L SB203580 reduced endothelial invasion by 75% and 48%, respectively (data not shown). ERK1/2 inhibition by 10 μmol/L U0126 had no effect on the invasion of these cells (data not shown).
To better define these initial findings, we used a fluorescence-based cleavage assay to measure the ability of PA-L1/ LF-treated endothelial cells to remodel extracellular matrix. Endothelial cells were treated with 5.5 nmol/L LF alone or in combination with 10 nmol/L PA-L1 and plated onto Matrigel supplemented with 25 μg/mL fluorescein-labeled collagen type I, collagen type IV, or gelatin that is autoquenched when uncleaved. When cleaved, the extracellular matrix molecule will fluoresce brightly. PA-L1/LF-treated endothelial cells exhibited a significantly reduced ability to cleave these extracellular matrix proteins (P < 0.0001; Fig. 3B ). PA-L1/LF treatment reduced the endothelial capacity to cleave collagen type I (Fig. 3C ) and collagen type IV (Fig. 3D ) by 75% and 62%, respectively. Gelatin cleavage was reduced by ∼30% after PA-L1/ LF treatment (Fig. 3E) . Endothelial cell adhesion was not affected by PA-L1/LF treatment up to 48 hours (data not shown).
We subsequently measured the effect of PA-L1/LF treatment on the expression of four proangiogenic endothelialderived MMPs that are known to efficiently cleave collagen I, collagen IV, and gelatin. PA or PA-L1 in combination with LF induced a modest and insignificant ∼34% increase in MMP-2 expression, as determined by conditioned medium ELISA (P = 0.1482; Fig. 4A ) U0126 had a similar effect. By contrast, JNK inhibition by SP600125-and SB203580-mediated p38 inhibition decreased MMP-2 expression by 70% and 64%, respectively (Fig. 4A) . Cell lysate gelatin zymography also showed a modest 2-fold increase in the expression of MMP-2 in PA-and PA-L1/LF-treated cells as well as U0126-treated cells (Fig. 4B) .
In stark contrast, however, MMP-1 expression was drastically reduced by >99% in endothelial cells treated with 10 nmol/L PA-L1 + 5.5 nmol/L LF (P < 0.0001; Fig. 3C ). Interestingly, ERK1/2 and JNK activation seems to be important in MMP-1 expression because U0126 and SP600125 treatment decreased the expression of this MMP by 49% and 62% (Fig. 4C) . MMP-10 expression did not seem to be affected by inhibition of any single MAPK branch, but was reduced by 86% by 10 nmol/L PA or 10 nmol/L PA-L1 + 5.5 nmol/L LF treatment (P = 0.0086; Fig. 4D ). The expression of MMP-3, MMP-7, MMP-8, and MMP-13 mRNA was not detected in the untreated endothelial cells (data not shown). Small amounts of MMP-9 mRNA were detected in untreated endothelial cells, but no protein was detected by ELISA (data not shown). MMP-14 transcription was present in untreated endothelial cells but was not affected by PA-L1/LF treatment (data not shown). Therefore, PA-L1/LF treatment induces a significant reduction in MMP-1 and MMP-10 expression.
PA-L1/LF Inhibits Microvascular Endothelial Cell Tube Formation
We subsequently determined how this decrease in endothelial invasive capacity affected the ability of these cells to differentiate into tube structures. Treatment with 10 nmol/L PA or 10 nmol/L PA-L1 in combination with 5.5 nmol/L LF significantly prevented tube formation by 70% and 60% when compared with untreated controls (P < 0.0001; Fig. 5A and B) . Closer inspection revealed that endothelial branching that did occur in the PA-or PA-L1/LF-treated cells seemed to be single cytoplasmic extensions, whereas branching in untreated controls seemed to be several cells thick ( Supplementary  Fig. S3 ). Interestingly, U0126 or SP600125 treatments had similar inhibitory effects (Fig. 5A ). Treatment with 10 μmol/L U0126 or 20 μmol/L SP600125 reduced endothelial tube formation by 60% and 50%, respectively. In contrast, however, SB203580 treatment only had a modest and insignificant effect on endothelial cell branching ability. Treatment with 10 nmol/L PA-L1 + 5.5 nmol/L LF did not affect endothelial cell adhesion (data not shown).
Discussion
Initial preclinical development efforts focused on the application of PA-L1/LF for the treatment of specific subtypes of melanomas, thyroid, and colorectal tumors (18) . However, preliminary in vivo efficacy studies have suggested the inhibition of angiogenesis, and not direct tumor cell cytotoxicity, as the primary antitumor mechanism (13) . We have expanded on these initial findings by showing that PA-L1/LF treatment blocks VEGF-induced endothelial MAPK activation, leading to a reduction in the endothelial invasive capability. These findings account for the poor vascularization of Matrigel plugs in vivo and in part explain how LF decreases microvascular density of tumors in vivo (9, 10, 12, 13) . Further, we have provided evidence that the antiangiogenic activity of PA-L1/LF resembles that of JNK and p38, but not ERK1/2, MAPK branch inhibition.
The current study indicates that in vitro PA-L1/LF action is independent of endothelial cell cytotoxicity. Selective inhibition of ERK1/2 and JNK branches has previously been shown to induce endothelial cell cycle arrest (19, 20) . However, inhibition of p38 has been shown to enhance endothelial proliferation (21) . This study suggests that the antiproliferative effects of ERK1/2 and JNK inhibition are counterbalanced by the pro-proliferative effect of p38 inhibition. Thus, the net effect is a modest antiproliferative effect of the pan-MAPK inhibitor PA-L1/LF.
Although proliferation was, by comparison, only modestly affected, PA-L1/LF significantly reduced endothelial proteolytic capacity to cleave collagen type I, collagen type IV, and gelatin. Endothelial-derived proangiogenic MMPs that are known to cleave these substrates include MMP-1, MMP-2, MMP-9, and MMP-10 (22). Our studies indicated that PA-L1/LF treatment induced a dramatic reduction in MMP-1 and MMP-10. However, we cannot rule out the contribution of other extracellular matrix remodeling enzymes that may be affected by PA-L1/LF treatment. It has been B. PA-L1/LF-treated endothelial cells exhibited a significantly reduced ability to cleave collagen type I (75% reduction; light gray columns), collagen type IV (62% reduction; medium gray columns), and gelatin (30% reduction; dark gray columns; P <.0001). Confocal microscopy images (×200 total magnification with variable thickness of scans for 15 scans under constant laser intensity and PMT) showing endothelial cells treated with 10 nmol/L PA-L1 + 5.5 nmol/L LF exhibit a reduced capacity to cleave collagen type I (C), collagen type IV (D), and gelatin (E). * P < 0.05, unpaired t test.
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shown that the expression of the cysteine protease cathepsin L was reduced in LeTx-treated V12 H-ras-transformed cells (9) . Taken together, it can be speculated that the cumulative effects of this decrease in endothelial cell proteolytic potential combined with the reduced migration of these cells translated to the tumor vascularization failure in vivo (13) .
Attempts to dissect the roles of each MAPK pathway revealed that the antiangiogenic effects of PA-L1/LF resemble that of JNK and p38 MAPK pathway inhibition. Selective inhibition of JNK by SP600125 or of p38 by SB203580 has been shown to significantly inhibit endothelial cell migration in vitro in the absence of endothelial cell cytotoxicity (23) (24) (25) . Similarly, endothelial extracellular matrix remodeling enzyme expression is dependent on the activation of c-Jun, downstream of JNK. Our data are in agreement with these studies in that selective JNK and p38 inhibition both by pathwayspecific inhibitors and by the pan-inhibitor PA-L1/LF significantly reduced the invasion of microvascular endothelial cells in vitro.
The contribution of the ERK1/2 pathway in PA-L1/LF-mediated angiogenesis inhibition is less clear. Although our studies indicated that ERK1/2 inhibition via U0126 reduced endothelial cell proliferation and significantly altered in vitro tube formation capacity, we found that selective ERK1/2 inhibition had no effect on endothelial cell invasion. Despite this, another group has shown that in vivo transfection of a dominant-negative MEK1 into endothelial cells suppresses angiogenesis and tumor growth (26) . Collectively, these results indicate that whereas the primary role of ERK1/2 signaling in vitro is to regulate cell proliferation, this signaling pathway may play additional roles in endothelial function in vivo (27) .
Other studies have shown that PA-L1/LF-mediated MAPK inhibition reduces tumor cell proangiogenic cytokine expression (13) . Thus, it can be speculated that PA-L1/LF may have a dual antiangiogenesis mechanism in which tumor cell cytokine expression is reduced, as well as the endothelial invasive and migratory potentials. However, we previously observed that conditioned medium from PA-L1/LF-treated tumor cells retains the ability to attract endothelial cells in vitro. Further, conditioned medium from PA-L1/LF treated tumor cells activates endothelial ERK1/2 as efficiently as untreated controls. Therefore, this observed decrease in tumor cell angioproliferative cytokines cannot be considered as a primary mechanism for the failure of neovasculature formation in vivo but may have relevance in tumor models with preexisting vasculature (13). Ding et al. (12) showed a rapid (>24 h) decrease in the perfusion of well-vascularized fibrosarcoma xenografts with a single dose of LeTx, leading to a decrease in tumor growth. It is possible that this LF-mediated reduction in tumor cell VEGF expression induces a decrease in endothelial NO production, thus causing a vasoconstriction and reduced tumor perfusion (12, 28) . Combined with a reduction in endothelial extracellular matrix binding, tumor microvascular function could be severely compromised (12) .
Taken together, these results indicate that the explicit targeting of endothelial MAPK activation seems to be a viable approach for angiogenesis inhibition. Similar findings have been presented with other MAPK inhibitors. BAY 43-9006 (Sorafenib) is a biaryl urea compound that inhibits both c-Raf and B-Raf kinases (29) . BAY 43-9006 has been shown to significantly hinder tumor growth in xenograft models of several human tumors without significant tumor cell cytotoxicity in vitro (30) . BAY 43-9006-treated tumors exhibit a marked reduction in neovascularization, as determined by CD31 immunohistochemistry, with massive tumor necrosis detected (30) . Similarly, the MEK inhibitor CI-1040 significantly hindered the vascularization of Matrigel plugs in vivo (31). B. U0126-mediated ERK1/2 inhibition as well as JNK inhibition by 20 μmol/L SP600125 reduced tube formation by ∼60% and 50%, respectively (P < 0.0001). SB203580 treatment only had modest effects on endothelial cell branching ability (P = 0.0951). *, P < 0.05, unpaired t test.
In conclusion, the catalytic MAPK inhibition activity shown by PA-L1/LF translates to potent antiangiogenic effects via the decreased endothelial invasive capacity. These observations explain, in part, the impressive antitumor activity observed in vivo with PA-L1/LF treatment. Further, these findings warrant the further clinical development of this modified anthrax toxin. The explicit targeting of angiogenic endothelial cells will potentially translate to clinical versatility because any solid tumor patient would respond to systemic PA-L1/LF therapy.
Materials and Methods
Reagents
PA, PA-L1, LF, FP59, and LF-β-Lac were produced as previously described (15, 32, 33) . The fusion protein LF-β-Lac consists of the PA binding domain of LF genetically fused to E. coli β-lactamase (32). FP59 consists of the first 254 amino acids of LF (the PA/PA-L1 binding domain) fused to the catalytic portion of Pseudomonas exotoxin A (amino acids 362-613; ref. 33) . FP59, when internalized in a PA/PA-L1-dependent mechanism, inhibits protein synthesis and thus is toxic to all cells (33) . The MEK1/2 inhibitor U0126 ethanolate, the JNK inhibitor SP600125, and the p38 MAPK inhibitor SB203580 were purchased from Sigma-Aldrich.
Cell Culture
Adult dermal microvascular endothelial cells (HMVECdAd) were purchased from Lonza and cultured on flasks coated with 1.5% bovine type B gelatin (Sigma-Aldrich) prepared with Dulbecco's PBS (Invitrogen) in complete endothelial cell medium [EGM supplemented with bovine brain extract, hEGF, hydrocortisone, GA-1000 (gentamicin, amphotericin B), and 5% fetal bovine serum; Lonza]. Endothelial cells were maintained at 37°C in a 5% CO 2 environment. All experiments were conducted on cells between passages 4 and 8.
Cytotoxicity Assay
The [ 3 H]thymidine incorporation inhibition assay was used as described previously (17) . Cells were resuspended in complete growth medium at a density of 8 × 10 5 /mL. One hundred microliters were plated per well in Costar 96-well flat-bottomed plates. Cells were allowed to recover overnight, and the medium was exchanged for complete growth medium with or without 5.5 nmol/L LF/1.9 nmol/L FP59 at final concentration. Serially diluted PA/PA-L1 at final concentrations of 0 to 10,000 pmol/L or small-molecule inhibitors U0126, SP600125, and SB203580 ranging from a final concentration of 0 to 60,000 nmol/L were added. After 48 hours at 37°C/5% CO 2 , 1 μCi of [ 3 H]thymidine (NEN DuPont) in 50 μL of complete medium per well was added and incubated at 37°C/ 5% CO 2 for an additional 18 hours. The cells were then harvested with a Skatron Cell Harvester (Skatron Instruments) onto glass fiber mats, and counts per minute of incorporated [ 3 H]thymidine were quantified using an LKB liquid scintillation counter (Perkin-Elmer). The concentration of toxin that inhibited [ 3 H]thymidine incorporation by 50% compared with control wells was defined as the IC 50 . The percent maximal [ 3 H]thymidine incorporation was plotted versus the log of the toxin concentrations, and nonlinear regression with a variable slope sigmoidal dose-response curve was generated along with IC 50 using GraphPad Prism software (GraphPad Software). Assays were done in triplicate with IC 50 variability between assays <30%.
Western Blot
One hundred thousand HMVEC-dAd cells were grown to confluence on 1.5% gelatin-coated 60-mm dishes (Fisher Scientific). Cells were pretreated with DMSO vehicle, 10 μmol/L U0126, 20 μmol/L SP600125, 20 μmol/L SB203580, 5.5 nmol/L LF, alone or in combination with 10 nmol/L PA/ PA-L1, for 8 h in complete growth medium. Cells were then serum starved for 16 h in the presence of the toxins/inhibitors and then stimulated with 100 ng/mL VEGF 165 (R&D Systems) for time intervals specific for maximal phosphorylation of each MAPK pathway branch as previously determined. Cells were washed once with ice-cold Dulbecco's PBS and immediately lysed in lysis buffer [25 mmol/L HEPES (pH 7.6), 0.3 mol/L NaCl, 1.5 mmol/L MgCl 2 , 0.2 mmol/L EDTA, 0.1% Triton X-100, 0.5 mmol/L DTT, 0.1 mmol/L sodium orthovanadate, 1 mmol/L phenylmethylsulfonyl fluoride with protease inhibitor cocktail (Sigma-Aldrich)]. Lysates were solubilized on ice for 30 min and spun for 20 min at 15,000 × g. Equal amounts of lysates were separated on an 8% to 16% Tris-glycine gels (Invitrogen) and transferred onto a nitrocellulose membrane. Membranes were blocked with 5% (w/v) milk, 1× TBS for 1 h at room temperature and then probed with rabbit anti-phospho-p54/p46 stress-activated protein kinase/JNK (Thr183/ Tyr185), phospho-p38 MAPK (Thr180/Tyr182), or phospho-ERK1/2 (Thr202, Tyr204; Cell Signaling Technology) in 5% (w/v) bovine serum albumin, 1× TBS, 1% Tween 20 at 4°C overnight. Blots were then washed and treated with peroxidase-conjugated goat anti-rabbit secondary antibodies (Jackson Immunoresearch) for 1 hour, washed, and developed with LumiGLO chemiluminescence reagent (Cell Signaling Technology). Blots were subsequently probed with appropriate antibodies to determine total amounts of the proteins (Cell Signaling Technology) and developed as described above. Membranes were then stripped, probed for actin (SigmaAldrich), and developed to ensure equal loading. Band intensity was determined with the Fluorchem SP densitometer (Alpha Innotech) and data were presented as percent of the 100 ng/mL VEGF control.
Endothelial Invasion
The CytoSelect 96-well invasion kit (Cell Biolabs) was used to determine invasive potential after PA-L1/LF treatment. Confluent monolayers of cells in six-well plates were pretreated with 5.5 nmol/L LF alone or in combination with 10 nmol/L PA-L1 for 24 h, trypsinized, and resuspended in serum-free medium containing the toxins at a density of 5 × 10 5 cells/mL. Basal medium or medium containing 20% fetal bovine serum was placed in the bottom chambers, and 100 μL of the cell suspensions were loaded per upper chamber. Cells were allowed to invade for 24 h at 37°C/5%CO 2 . Cells that had invaded to the other side of the inserts were harvested and counted. Data are expressed as percent of the untreated controls.
MMP ELISA
One hundred thousand HMVEC-dAd cells were plated per well in uncoated 12-well plates and allowed to adhere overnight.
Cells were then treated with specified concentrations of toxins/ inhibitors in complete growth medium for 12 h. Medium was then exchanged for basal medium containing the toxins/inhibitors and cells were serum starved for 16 h. Cells were then stimulated with complete growth medium supplemented with 100 ng/mL VEGF 165 in the presence of the toxins/inhibitors for 48 h. Conditioned medium was collected and spun at 15,000 × g for 30 min to remove cell debris, and medium was assayed for total MMP-1 (Raybio), MMP-2, MMP-9, and MMP-10 (R&D Systems) following the manufacturer's instructions.
Gelatin Zymography
Cell lysate gelatin zymography was done as described previously (17) . HMVEC-dAd cells were grown to confluence in six-well plates. Cells were serum starved for 16 h in the presence of the toxins/inhibitors. Medium was then exchanged for complete growth medium supplemented with 100 ng/mL VEGF 165 (R&D Systems) in the presence of the toxins/inhibitors and cells were incubated at 37°C/5%CO 2 for 48 h. The medium was removed and the cells were washed with Dulbecco's PBS twice. Cells were lysed on ice for 10 min using 0.5 mL lysis buffer per well [0.5% (v/v) Triton X-100 in 0.1 mol/L Tris-HCl, pH 8.1] and removed with a rubber scraper. Lysates were spun at 15,000 × g using an Allegra 2502 centrifuge fitted with TA-10-250 rotor (Beckman Coulter). Cell lysate protein concentration determined using the bicinchoninic acid procedure (Pierce) and adjusted to.65 mg/mL with lysis buffer. The lysate fraction contained plasma membrane sheets and vesicles, so that MMP-2 activities in the cell lysate were considered as cell surface gelatinase activities. 
Fluorescent Extracellular Matrix Cleavage
HMVEC-dAd cells were grown to confluence in six-well plates and pretreated with the specified concentrations of toxins/inhibitors for 48 h. Before the start of the experiment, eightwell chamber slides (Lab-tek) were coated with 150 μL of Matrigel supplemented with 25 μg/mL dye-quenched fluorogenic gelatin, collagen I, or collagen IV (Invitrogen) and was allowed to gel for 1 hour at 37°C/5% CO 2 . Cells were trypsinized and resuspended in serum-free medium with or without the toxins/inhibitors at a density of 5 × 10 5 /mL. One hundred microliters of the cell suspension were added per well and cells were incubated at 37°C/5% CO 2 for 7 hours. The extent of dyequenched gelatin, collagen I, and collagen IV cleavage was visualized via an IX-71 inverted microscope fitted with a FluoView 300 confocal scanning head with FluoView version 5.0 software (Olympus Center Valley). Three areas of each chamber were randomly selected per experiment and images were obtained by variable thickness of scans for 15 scans keeping laser intensity and PMT constant. Images were analyzed for activated green pixels in a fixed area of five random areas of each image, and data were presented as percent of green fluorescence in the drug-free controls.
Endothelial Tube Formation Inhibition
HMVEC-dAd cells were grown to confluence in six-well plates. Cells were pretreated with specified concentrations of toxins/inhibitors for 18 h. Cells were then trypsinized and resuspended at a concentration of 50,000/mL in serum-free medium containing the toxins/inhibitors. Fifty thousand cells were plated in eight-well chamber slides (Lab-Tek) coated with 150 μL Matrigel. Cells were allowed to undergo tube formation for 7 h at 37°C/5% CO 2 and then stained with 1× calcein AM (Cell Biolabs) according to the manufacturer's instructions. Tube structures were visualized via an IX-71 inverted microscope fitted with a FluoView 300 confocal scanning head with FluoView version 5.0 software. Five areas of each chamber were randomly selected per experiment and images were obtained by variable thickness of scans for 15 scans keeping laser intensity and PMT constant. Images were analyzed for branching endothelial connections, and data were analyzed as percent of branching connections in the drug-free controls.
Statistical Analysis
Significance of correlations was done using GraphPad Prism software (GraphPad Software). Unpaired t tests were used for all analyses assuming Gaussian populations with a 95% confidence interval.
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